The rapid technological progress in the 21 st century demands new multi-functional materials applicable to a wide variety of industries. Two-dimensional (2D) materials are predicted to have a revolutionary impact on the cost, size, weight, and functions of future electronic and optoelectronic devices. Graphene, which shows potential as an alternative to conventional conductive transparent metal oxides, may play a central role. Since its work function (WF) is tunable, graphene exhibits the interesting ability to serve two different roles in electronic and optoelectronic devices, both as an anode and a cathode.
Introduction
Synthesis of graphene for various applications has become a very popular trend in the last decade since graphene exhibits great potential as an alternative to conventional conductive transparent metal oxides such as indium tin oxide (ITO). Graphene may be produced from an abundant and cost-effective precursor (such as graphite) [1] [2] [3] [4] .
Graphene presents essential mechanical properties such as flexibility, stiffness, and robustness, along with high thermal and electrical conductivity for electronic devices and good transparency as demanded by optoelectronic applications [5] [6] [7] [8] . These extraordinary characteristics are due to the 2D structure composed of sp 2 -bonded carbon atoms, in which a small structural defect would drastically change the properties of graphene.
One of the reasons for the popularity of graphene in the electronic and optoelectronic industries is the adaptability for new applications. Graphene presented the ability to be used as a hole injection material and as an electron injection electrode. These properties are a consequence of the special electronic band structure of graphene. Unlike insulators, whose energy bands are either full or empty and are separated by an energy gap, and conductors, which have a partially filled band, the energy-momentum diagram of graphene has two circular cones connected at one point (Dirac point, Figure 1a ).
Therefore, there is no gap nor a partially filled band. This work is focused on methods for controlling the difference between the Fermi level (EF) and the energy of an electron at rest in a vacuum immediately outside the solid surface (Ev). This difference (Ev-EF) is called work function (WF) (Figure 1 ), which is also defined as the minimum energy needed to remove an electron from a metal surface. The WF is not a fundamental characteristic of a bulk material but a property of its surface. Based on this definition, shifting the Fermi level of graphene via an applied electric field, surface engineering, doping, etc. would manipulate the WF (Figure 1b ,c) [9, 10] . The WF of graphene is about 4.6 eV (in the range of graphite), for which its application as a cathode must be decreased, while use as an anode requires a high WF (to increase the hole injection efficiency) [11] . Therefore, using graphene in two different electronic parts demands some modifications in its electronic behavior [6, [12] [13] [14] [15] [16] .
For application as cathodes in electroluminescent devices, thermionic energy converters (TECs), hollow-cathodes, photocathodes, photon-enhanced thermionic emission (PETE)
devices [17] , and low work-function space tethers [18, 19] , modulation methods are needed to decrease the WF. A small modulation of the WF typically produces a strong variation in the performance of these devices. For instance, the density current J emitted by a sample of work function W at temperature T due to the thermionic effect follows the Richardson-Dushmann law [20] :
where λ is a material-specific correction factor, 0 = 4 2 ℎ 3 ⁄ , is the Boltzmann constant, is the elementary charge, is the electron mass, and ℎ is Planck's constant.
Therefore, the emitted current varies exponentially with W, and modulations of the WF in tenths of an electron volt (eV) can impact performance. Such a sensitivity is also found when a device operates through the photoelectric effect.
Furthermore, in the application of graphene in organic field-effective transistors (OFETs), organic light emitting diodes (OLEDs), and organic photovoltaic cells (OPVs) as both anode and cathode, not only are the transparency and conductivity of electrodes important, but the contact between the semiconductor and electrodes needs special attention. The stability and performance of such optoelectronic devices are dependent on both the properties of the active materials (semiconductors) and on the interfacial properties (contact resistance) of the semiconductor/electrodes. The electrodes in these devices either inject or extract an electron from the semiconductor. Any mismatch of the WFs between organic semiconductors and electrodes results in high contact resistance, which decreases the charge injection and extraction efficiency [21] [22] [23] . Therefore, clever design of graphene with both high electron injection (low WF) and high hole injection (high WF) abilities is in demand [24] [25] [26] [27] [28] [29] .
Since the application of graphene as an electrode in future electronic and optoelectronic industries would make a dramatic change in the industry (weight, size, price, mechanical properties, etc.), research effort has been performed in the last decade to develop modulation methods for tuning the WF of graphene. The goal of this work is to present the main results in a structured and coherent manner to highlight state-of-the art tuning methods, limitations, and challenges to be addressed in the near future. Before presenting tuning methods, Sec. 2 reviews the most important techniques for measuring WF. This preliminary step is necessary because each diagnostic technique exhibits its own peculiarities, which should be kept in mind to interpret the results of the tuning methods.
The latter are thoroughly reviewed in Sec. 3 that considers the impact of thickness, type of contact, doping, UV and plasma treatments, defects, and functional groups of graphene oxide on WF. Lookup tables are included to ease the search of information as well as provide a summary of the acronyms. Finally, the main conclusions regarding the different tuning methods and some ideas for future work are presented in Sec. 4.
Measuring the work function of graphene
A good understanding of the tuning methods requires a brief discussion regarding the most important diagnostic techniques for measuring the WF. It is not a minor subject, as
shown by the different WF values of materials in the literature. An example is the C12A7:e - [30] , one of the most promising electrodes due to its extraordinary stability and low WF [31] . Using data from field-emission and thermionic-emission characteristics, photoelectron yield spectroscopy (PYS), and UV photoelectron spectroscopy (UPS), the values 0.6 eV [32] , 2.1 eV [33] , and 2.4 eV [34] were determined. A space group working on hollow cathodes estimated a value of 0.76 eV from experimental results [35] .
Although the values found in the literature for graphene are much more uniform, measuring the WF without a standard device and accurate method could result in different WF values for the same material. The two dominant diagnostic methods for graphene are Kelvin probe force microscopy (KPFM) and UPS, a few others such as thermionic emission and field emission are reviewed because they are connected with interesting applications. This brief introduction to diagnostic methods assists in identification and selection of the appropriate techniques, highlighting the advantages and drawbacks.
Contamination on the surface and ambient humidity affect the measurements, and high vacuum conditions are recommended.
Kelvin probe force microscopy (KPFM)
One of the most accurate and widely used methods for measuring the WF of graphene is Kelvin probe microscopy (SKPM or KPFM), which is an experimental technique based on an atomic force microscope (AFM). As shown in Figure 2 , KPFM, also known as surface potential microscopy, has a cantilever with a metallic tip, an applied electric modulation (Vac), and a controller that adjusts the bias Vdc to compensate for potential differences between the tip and the sample. If the WF of the tip (Wtip) is known, the WF of the sample (Ws) can be calculated from
Interestingly, the WF difference between two points of the sample does not depend on Wtip and is given by Δ(Ws)= -eΔ(Vdc) [36, 37] . Therefore, a map of the WF and information regarding the electronic state and composition of the sample surface and its homogeneity are obtained. Moreover, while measuring the WF, the topographic map with correct step heights of the surface potential of the sample provides thickness data for the graphene layers. However, since electrostatic forces between the sample and cantilever tip determine the WF, this method is very sensitive to the measurement environment (such as humidity). The stability of its measurements of Ws also depends strongly on the stability of the WF of the cantilever tips [38] . Reprinted with permission from Ref. [39] .
Ultra-violet photoelectron spectroscopy (UPS)
UPS determines the WF of a sample illuminated with ultraviolet photons by measuring the kinetic energy spectra of the emitted photoelectrons. This method involves a spectrometer equipped with a hemispherical energy analyzer and an excitation source such as a He discharge lamp. The WF is determined by subtracting the width of the photoelectron spectrum from the photon energy of the excitation light (hν). The former is calculated from the spectrum as the difference between the Fermi edge (EF) and the inelastic high binding energy cutoff (Ecutoff). To calibrate the position of the Fermi level, the Fermi edge of gold is normally measured. The latter is accurately known, and depending on the operation conditions, UV sources of He I (hν =21.22 eV) or He II (hν =44.8 eV) can be used. The WF of the sample Ws is then computed as
UPS is a surface-sensitive method, and existence of contamination on the surface would drastically affect the measured WF [40] . The measurement is normally performed in ultrahigh vacuum conditions.
Thermionic emission
Unlike UPS, where the photons provide the energy for electrons to overcome the WF of the material, thermionic emission is a thermally-excited charge emission process. The sample is heated, providing thermal energy to the charge carriers (electrons or ions) and helping them to overcome the WF. This phenomenon follows the Richardson-Dushmann equation [Eq. (1)], which relates the emitted current density of the surface to the WF of the sample. Therefore, if the emitted electrons are collected by an anode, an electric current is produced, and the work function can be determined from Eq. (1). However, this method is subject to different sources of errors. For instance, field effects may affect the method if a potential difference above a certain threshold is set between the sample (cathode) and the anode. Also, at high temperature (strong emission), an electric field that would attract some electrons (the less energetic) back to the probe is developed. Due to this space-charge effect, a current density below that calculated by Eq. (1) would be measured. The measurement at high temperature requires models to distinguish the different operational regimes [41] . On the other hand, measuring the WF at high temperatures is advantageous because the adsorbent would be removed from the surface of the sample, so the presence of contamination on the surface would not affect its WF.
Graphene, as a material that can withstand high temperature, is heated to incandescence until an obvious thermionic emission current can be detected [42] .
Field electron emission characteristics
In field electron emission, also known as cold emission, electrons are extracted from the surface of the sample by an electrostatic field E. The current density is approximately described by the Fowler-Nordheim model (4) is not intrinsic and can depend on the geometry of the emitter, as well as its electronic structure. The value of the WF is also sensitive to possible contamination of the emitter surface.
Photoemission electron microscopy (PEEM) or photoelectron microscopy (PEM) images using secondary electrons
PEEM is a type of emission microscopy that generates image contrast by utilizing the local variations in electron emission. To excite the electron, sources of energy such as Xray radiation, UV light, or synchrotron radiation are used. Since the electron emission is from a shallow layer, the surface of the sample is very sensitive. This method is used for flat and smooth surface samples to eliminate topographic effects and to enhance lateral resolution. In this method, variation of the electron emission from different parts of the surface (with a different WF) results in image contrast. From the PEEM images composed of secondary electrons, areas with different numbers of graphene layers could be recognized. By increasing the number of graphene layers, secondary electron emission shifts to higher energies, which can be observed in the secondary electron emission spectra [43, 44] .
Other methods
Internal photoemission (IPE) spectroscopy [45] , low-energy electron microscopy (LEEM) [44, 46] , scanning tunneling microscopy (STM) [47] , scanning photocurrent microscopy (SPCM) [9] , and capacitance-voltage (C-V) measurements using a metalgraphene semiconductor capacitor structure [48, 49] are other methods used worldwide for measuring the WF of graphene.
Modulation of the work function of graphene
Although the WF of a freestanding graphene layer is about 4. 
Thickness dependence of the graphene work function
The thickness of graphene, i.e., the number of layers, is one of the main factors that affect the WF. It also modifies other key characteristics such as heat and electrical conductivity and transparency. Based on the number of layers, graphene can be divided into three groups; single-layer graphene (SLG, 1-layer graphene), bi-layer graphene (BLG, 2-layer graphene), and few-layer graphene (FLG, between 2-10 layers of graphene). Therefore, choosing the most accurate method for producing graphene and good control over the graphene layer deposition is very important. In this regard, important research effort has been performed to study the relationship between graphene thickness and WF. The WF of graphene with more than one layer is known to be dependent on the number of layers due to the charge transfer at the substrate interface and the charge distribution within the different layers of graphene [50] . The results of PEEM studies revealed that, by increasing the number of graphene layers, the C1s core level shifted to lower binding energies as a result of the thickness dependence of the Dirac point energy (Figure 3a ) [44] . [49] . The WF of FLG from three to ten layers is independent of the number of layers and is about 4.43 eV (Figure 3b ) [55] .
Research on the thickness dependency of the WF of reduced graphene oxide (rGO) had the same results [16] . The possible reason for increasing the WF of rGO with the number of layers was attributed to the oxygen concentration between the rGO layers. Misra et al.
showed that the oxygen concentration in rGO layers could be controlled by reducing the GO sheets and changing the rGO thickness [16] .
The layer-by-layer transfer of the chemical vapor deposition (CVD) grown graphene on a Si substrate and photovoltaic effects of a heterojunction structure embedded with FLG were investigated [56] . 
Doping graphene layers with different thickness was investigated both numerically (DFT)
and experimentally (KPFM) [37] . It was shown that doping the SLG and BLG shifted the Reprinted with permission from Ref. [58] , [59] , [60] .
Effect of the type of graphene contact on its work function (contacted metal or insulator)
The WF of a free-standing 2D sheet of graphene has been calculated theoretically [61] .
However, physical contact of the graphene with the environment exists in real applications, and impurities or an insulator substrate should be considered. A graphene layer could exist on a substrate (graphene coating), be coated with a buffer layer, or contain many types of contact that affect the WF [14, 47, 62] . In theory, the Fermi level of pristine graphene is considered to coincide with the Dirac point ( Figure 1a ), while in real scenarios, graphene contact with a metal (or insulator) alters its electrical structure.
Therefore, a full understanding of the physics of the metal (insulator)/graphene interfaces is very important.
Upon contact of graphene with a metal (insulator), the WF difference results in transfer of the charge to create an interface dipole moment, which controls the WF of a graphene layer [9, 50, 52] . The dipole size and the sign and magnitude of doping in a graphene layer depend on the type, thickness, and WF of the contact. Based on the strength of the adsorption of the graphene layer to its contact layer, the electronic structure of the graphene would be affected. The strong chemisorption would change the electronic structure of graphene, while weak binding physisorption transfers the electron from (to) the contact and moves the graphene at Fermi level upward (downward) from its original state [61] .
For instance, transferring an electron from graphene to a modified SiC substrate (with F4-TCNQ as the electron acceptor element) resulted in p-doped graphene [63, 64] . This as the reasons for n-doping of the graphene [51] .
The strength of graphene adsorption on a metal contact may be divided into two groups [65] . Chemisorption occurs when graphene is in contact with metals such as Co, Ni, and Pd, and its electronic structure is drastically affected by these metallic contacts. In Graphene is chemisorbed on Co, Ni, Pd, and Ti (strong bonding), and its WF is reduced (n-doped), in which this strong interaction considerably perturbs the electronic structure of graphene. In contrast, for graphene physisorbed on Al, Cu, Ag, Au, and Pt surfaces (weak bonding), the interaction between graphene and the metal contact occurs over a short range. Moreover, the graphene was p-doped (n-doped) for contact with metals having a WF larger (smaller) than 5.4 eV [61] .
To investigate the impact of metal contact on the WF of graphene, another group investigated graphene WF modulation with different metals [49] . The results of their investigation revealed that the WF of the graphene was dependent on the WF of the metal contact (as it was reported by other groups). If the contacted metal was Cr/Au or Ni, the WF of graphene was pinned to the metal, while for a Pd or Au contact, the WF of graphene was about 4.62 eV (regardless of the WF of the contact metal). They predicted that the stronger interaction between graphene and Cr/Au or Ni was responsible for changing the graphene WF as its unique characteristic, while the interaction between graphene and Pd or Au is not strong enough to produce such a change. Furthermore, they found that increasing the WF of graphene could not reduce the contact resistance, so the WF was not the only function for determining the contact resistance [49] .
Yi et al. showed that even a thin layer of metal contact (Al layer less than 0.6 nm thick)
could drastically change the WF of graphene [66] . They deposited a thin layer of Al on while the WF of graphene should be decreased for use as a cathode in inverted-structure
OSCs. In their research, an interfacial dipole layer of WPF-6-oxy-F was used to enhance the device performance by improving charge extraction and its application as a cathode.
The interfacial polymer layer controlled the WF of graphene by its ionic or polar groups.
Regarding the application as an anode, they successfully produced a decrement in the WF of graphene of 0.05±0.03 eV, 0.22±0.05 eV, and 0.33±0.03 eV using PEO, Cs2CO3, and WPF-6-oxy-F, respectively (Figure 4d ,e) [15] . They found that, in the case of Pt, Ir, and Al, the WF of the rGO mainly depends on the thickness of the rGO layer and not on the type of capping metal. For example, the WF of TiN affected the WF of the tuned rGO. A possible explanation relates to the type of interaction of the rGO with Pt, Ir, and Al (physisorption) and its interaction with TiN (chemisorption) [16] .
In certain scenarios, it is interesting to contact the graphene with other materials without changing its WF. In this regard, Zhu et al. reported CNT film as a perfect substrate for the graphene layer for preserving its intrinsic WF [42] . A super-aligned CNT film was utilized as a porous support for graphene, and the WF of graphene was measured via a thermionic emission method. They showed that, based on the porous nature of the CNT network, the substrate influence on the WF of graphene could be minimized. Due to the high temperature sustained during the thermionic emission, the influence of adsorbents was excluded, and the WF of graphene was about 4.74 eV. The adsorbent-free measurement conditions and the weak interaction between the CNT support and graphene, due to the porous nature of the CNT substrate, suggested that the measured WF in this method was the intrinsic WF of graphene (Figure 5a ,b) [42] .
Another interesting factor that can impact the application of exfoliated graphene in the industry is the size and configuration of graphene flakes. Flakes affect the interaction with the substrate and produce inhomogeneity of the WF of the graphene layer. Abdellatif et al. showed that overlap of small graphene flakes, accumulation of electrical charge at the flake edges, and interaction between graphene flakes and the substrate would result in electronic noise [70] . To render the effect of WF inhomogeneity of the graphene layer, exfoliated graphene was deposited on a rough Ag substrate by a dip coating method, and the graphene layer was studied by SKPM. The results showed that engineering the substrate minimized the WF inhomogeneity of the graphene layer. The interaction between graphene and its substrate determined the electronic noise in the optoelectronic devices by controlling the charge accumulation (Figure 5c,d ).
Regarding humidity, its existence in ambient conditions cannot affect the WF of a graphene layer deposited on a charge-donating substrate unless the water layer is placed between the graphene and the substrate. In that case, the water layer can change the charge doping considerably [55] . From the above information, it can be concluded that the WF of graphene is modulated when it is contacted with other conductive or insulating materials of varying WF and thickness and by the type of the interaction between the graphene layer and contacted material (physisorption or chemisorption). 
3.3.Chemical p-type and n-type doping of graphene
One of the most prevalent techniques of manipulating the electrical properties of graphene without damage to its structure is chemical doping, which is an essential method for controlling the charge carrier concentration in graphene [64, [73] [74] [75] [76] . Doping the graphene sheet results in shifting the Fermi level of graphene and changing its electronic properties.
Charge transfer between the graphene and the dopant changes the graphene WF.
Depending on the WF of the dopant element, the WF of the doped graphene can be higher Moreover, modulating the WF of graphene via Au NPs was reported to be dependent on the size of the Au NPs [82] . For instance, researchers showed that reducing the size of the Au NPs from 40 to 5 nm decreased the WF of graphene from 5.76 to 5.35 eV, while its catalyst activity was dramatically increased. Since smaller Au NPs have a larger surface area, the transfer of electrons at the graphene/Au NP interface will be improved due to the quantum confinement effect [82] .
Comparative analyses of different p-dopants have been also reported [83] . Different metal chlorides (AuCl3, IrCl3, MoCl3, OsCl3, PdCl3, and RhCl3) were studied to investigate the impact on the WF of FLG. CVD-grown FLG on a Cu substrate was subjected to different dopants, resulting in a decrease in both sheet resistance and transmittance (as was mentioned earlier for p-dopants) [79] . Moreover, after metal chloride doping, the G peak of FLG was shifted to a higher wavenumber, in accordance with charge transfer from graphene to metal ions [22, 83] . UPS data presented an increase in the WF of FLG after metal chloride doping from 4.2 eV (pristine FLG) to 5.0, 4.9, 4.8, 4.68, 5.0, and 5.14 eV for AuCl3, IrCl3, MoCl3, OsCl3, PdCl3, and RhCl3 dopants, respectively.
Although the Au ion was introduced several times as a p-doping agent, thus increasing the WF of graphene, recent studies have revealed that, based on the electronegativity of the anion in different Au complexes, the degree of p-doping would be different [84] . The bond strength between the Au cations and counter anions would determine the degradation of graphene layers. Therefore, good p-dopants for graphene introduce anions with high electronegativity and high bond strength [84] .
The effects of alkali metal (n-doping) on decreasing the WF of graphene layers have been studied theoretically [77] and experimentally [74, 85, 86] . Graphene-CNT composites were doped with alkali metal carbonate and heated to produce the alkali metal oxide (Figure 6a ) [85] . Decomposition of alkali metal carbonate to low WF alkali metal oxide induced interfacial dipoles that reduced the WF of the graphene-CNT composite. Ndoping of alkali metals on graphene layers reduces the transparency of the graphene sheets, while increasing the sheet resistance (Figure 6b ) [74] . An increase in concentration of doping solution results in further reduction of the transparency and, subsequently, an enhancement of the sheet resistance. The spontaneous chemical combination between alkali metals and carbon atoms reduces the WF of graphene. Alkali metals with a large atomic number, such as Cs, tend to provide electrons to other materials and exhibit the greatest impact on WF decrease [74, 87, 88] . Moreover, doping the GO layers with alkali metal carbonate (such as Cs2CO3) showed a decrease in the WF of GO and, subsequently, reversed the hole-extraction ability to electron-extraction, a property to be considered for applications in high-performance SCs and many other optoelectronic devices [86] .
Replacing the -COOH functional groups of the GO with -COOCs groups was reported as a reason for reduced WF of GO from 4.5 eV to 4.0 eV.
However, alkali metals were introduced as one of the best dopants for lowering the WF of graphene. Doping graphene with alkali metals, along with other methods (such as electrostatic gating), could decrease the WF to 1 eV [89] . This low WF value was achieved for a large area of SLG deposited via CVD methods. The WF was first decreased by 0.7 eV via an electrostatic gating approach and later reduced to as low as 1 eV by doping the SLG structure with Cs/O in an ultrahigh vacuum (UHV) environment. The electrostatic gating raised the Fermi level, and the Cs/O dopant lowered the vacuum level.
As a consequence, ultralow WF materials were obtained for electron emission and energy conversion applications.
The WF of graphene can be also controlled via a doping process using self-assembled monolayers (SAMs), where the WF difference between the graphene and the substrate leads to a variation of the graphene WF. The substrate SiO2, which is a regularly used for applications of graphene as an electrode in optoelectronic devices, intrinsically leads to p-doping of the graphene layer. For optimizing the performance of OFETs, WF of the graphene coating on SiO2 must be controlled. Jo et al. showed that using the SAMs on a SiO2 substrate would tune the WF of graphene from 3.9 to 4.5 eV [15] . NH2-terminated SAMs resulted in n-doped graphene, while the p-doping induced by SiO2 substrates was neutralized via CH3-terminated SAMs [90] . Furthermore, Seo et al. investigated tuning the WF of graphene using heptadecafluoro-1,1,2,2-tetrahydrodecyl-trichlorosilane (HDF-S) as SAMs [91] . HDF-S self-assembled graphene exhibited an increase in WF from 4.56 eV to 5.50 eV, while its electrical and optical properties were stable compared to pristine graphene. The results showed that an increase in the WF of graphene via HDF-S was independent of the substrate; for Al2O3 and SiO2 substrates, the WF values of the HDF-S self-assembled graphene were similar. Moreover, the WF of the HDF-S self-assembled graphene showed great stability in ambient conditions over a period of 50 days. The transfer of electrons from graphene to HDF-S was reported as a reason for the enhancement of the graphene WF.
In the case of GO, functional groups are one of the important factors that control the WF.
Although this topic will be reviewed in depth later, it should be mentioned here that the replacement of functional groups with other chemical compounds would affect the WF.
For instance, replacing the -COOH groups of GO with Cs ions was reported as an effective factor for decreasing the WF of GO and reversing its hole-extraction ability to the electron-extraction property [86] . The decoration of GO layers with -OSO3H groups (sulfated GO or GO−OSO3H) enhanced the hole extraction ability of the GO layer and improved its applicability as a hole extraction layer for polymer SCs (PSCs) [92] .
Modulating the WF of GO (4.7 eV) to a proper WF for GO−OSO3H (4. devices [97] . The WF of FLG was also successfully increased by introducing Ag NPs onto the FLG structure, resulting in an increase in WF from 4.39 to 4.55 eV, while its sheet resistance and transmittance were stable [98] . Reprinted with permission from Ref. [99] , [100] , [101] .
For producing low-WF graphene, apart from using alkali metals, other graphene dopants such as PEIE could successfully decrease the WF from 4.6 for pristine graphene to 3.8 eV [102] . Furthermore, functionalization of GO by amino acids was reported as an effective method for reducing the WF of GO from 5.3 eV (pristine GO) to 4.0 eV (amino acid-functionalized GO) [103] . The low cost, abundance in nature, and eco-friendly amino acids were some of the advantages of these functional materials. Additionally, the large molecule dipoles and excellent charge transport properties qualify them as great candidates for modulating the WF of GO. Functionalization of GO (with the tuned WF) has been also reported as an effective dopant for controlling the WF of CVD-grown graphene for its application in optoelectronic industries [104] . chemical compounds in dry conditions showed that SLG is more sensitive to chemical doping than BLG [106] . Chemical doping of both SLG and BLG showed that, after exposure to electron donating (or withdrawing) chemical compounds, the shift of the Fermi level for SLG is larger than that of BLG.
As a summary of this section, Table 1 Table   1 , doping graphene varies the conductivity by several orders of magnitude and the transmittance by about 30%. Such a broad spectrum of properties makes doping an interesting method for controlling the graphene characteristics in a wide range of applications. 
Work function engineering via UV-treatment
Treatment with UV radiation, also in combination with other methods, can change the WF of graphene and trigger photochemical processes [119] [120] [121] . The duration of treatment is a free parameter that can be tuned accordingly to need. UV irradiation of graphene layers has been reported to increase the WF of graphene [119] , but this is not the only effect on its properties. For instance, by increasing the oxygen functional groups via UV radiation for a short time, the sheet resistance of the graphene layer increases and its transmittance decreases. These results suggest that the UV-treated graphene can be used as an alternative for PEDOT:PSS in organic photovoltaic cells. Although the UVtreated graphene layer was damaged by UV treatment (shown by Raman spectral data), in ambient conditions, it showed greater stability as a hole extraction layer for organic photovoltaic cells compared to conventional PEDOT:PSS [119] .
UV radiation could also be used as a factor for photochemical chlorination of GO. The results showed that photochemical chlorination of GO continuously increased its WF to 5.21 eV (from 4.96 eV). UV irradiation of GO for 2 min from a mercury-vapor lamp in a closed quartz Petri dish with o-dichlorobenzene vapor resulted in chlorinated GO (Cl-GO). By increasing the UV treatment duration, the WF of the Cl-GO remained stable at 5.20 eV after 450 h of storage in a glove box [122] .
While UV treatment was introduced as a method for increasing the oxygen functional groups and WF of graphene, the opposite effect has been also reported. A study has shown that UV radiation can produce oxygen desorption from graphene layers and reduce its hole density (changing the carrier concentration) [120] . Since the WF of graphene is dependent on its carrier concentration, UV treatment decreases the WF by changing its carrier concentration (Figure 7a ). Moreover, prolonging the treatment time decreases the WF continuously. It can be then concluded that the most important factor in UV treatment of graphene is the duration of irradiation, and increased efforts are necessary to fully understand the process.
Work function engineering via plasma
Plasma treatment is another factor that can modulate the WF of graphene and control its electron emission ability [123] . Free parameters in plasma treatments, such as type of ions, exposition time, and power, have been used for tuning the WF of graphene. In general, the type of plasma determines the type of dopant (p-doping or n-doping), and the power effects its concentration.
Sherpa et al. reported an increase in the WF of plasma-fluorinated graphene [124, 125] .
Creation of an electrical dipole layer with a negatively charged outer surface via plasma treatment was reported, while increasing the WF would oppose electron escape from the surface. UPS characterization suggested that the increase in the WF of graphene was due to adsorption of fluorine atoms. An increase in fluorine concentration resulted in enhancement in the surface dipole moment and, subsequently, an increase in the WF of graphene [125] .
Treatment with O2 plasma was also introduced as an effective method for manipulating the WF of graphene [126] . Yang and his coworkers demonstrated an increase in the WF of GO to 5.2 eV. Such a value is much higher than the average WF of GO (~4.96 eV) and could facilitate its application as a hole transport layer in organic SCs. Increasing the WF of GO due to O2 plasma treatment was explained in terms of the higher electronegativity of O atoms. Increasing the electronegativity of the surface of GO increases the surface dipoles, the hole mobility, and the hole extraction [126] .
As opposed to O2 plasma, nitrogen plasma treatment decreased the WF of CVD-grown graphene from 4.91 eV to 4.37 eV according to Zeng et al., and the plasma-treated graphene exhibited n-type behavior, while untreated graphene samples presented p-type behavior ( Figure 7b ) [127] . The WF of graphene was successfully controlled by plasma treatment under different radio-frequency power conditions. Increasing the radiofrequency power led to an increase in both the number of graphitic nitrogen and the electron concentration, thus shifting the Fermi level to higher energies.
The effects of nitrogen plasma treatment on the edges of graphene and at its graphitic site on WF also have been studied [128] . changing the plasma power. Reprinted with permission from Ref. [129] , [130] .
The effect of defects and molecular overlayers on the work function of graphene
One of the biggest obstacles in producing graphene is finding a method for synthesizing defect-free graphene [131, 132] . Defects in the graphene structure limit its application in some specific areas. Moreover, the electronic characteristic of graphene, which is key in most fields of application, is drastically affected by disorder. For this reason, several groups have investigated the effects of disorder, molecular over layers, and grain boundaries on the WF of graphene. There are different types of defects such as carbon vacancies, grain boundaries, wrinkles, Stone-Thrower-Wales defects, and hydrogenated edges that could affect the WF of graphene [27, 133, 134] . Since producing an ideal defect-free graphene layer is impossible, obtaining knowledge on the dependency of the WF on the defect is essential for engineering the defect to control the WF of graphene.
Bae et al. theoretically showed that the WF of a graphene layer with Stone-ThrowerWales defects was smaller than the WF of pure graphene, while the WF of a graphene layer with a hydrogen-passivated C2 vacancy is higher than the WF of pure graphene (Figure 8a ,b) [27] . Long and his co-workers used KPFM to investigate the effects of grain boundaries and wrinkles on the WF of graphene on a SiO2 substrate [133] . KPFM is an interesting diagnostic tool to study defects because, as shown in Sec 2.1, a map of the WF can be obtained. They showed that the doping behavior of the SiO2 substrate was different for different line defects (grain boundaries, standing-collapsed wrinkles, and folded wrinkles) (Figure 8c , d, e). They suggested defect engineering of graphene layers as an effective method for manipulating its WF. The shape and height of the defect were mentioned to explain the difference in WF. In the case of wrinkles, the WF increased along the axial center and decreased at the edges. The results showed a height of 0.5 nm for grain boundaries, 0.84 nm for folded wrinkles, and 1.6-4.6 nm for standing collapsed wrinkles [133] . 
Effects of functional groups of GO on its work function
Based on the different oxygen functional groups, GO has emerged as a solutionprocessable material and a candidate to form a graphene family for applications in research and industry [137] [138] [139] [140] [141] [142] [143] . GO could be defined as a graphene layer decorated with carbonyl, hydroxyl, epoxy, and ether groups. Manipulating the concentration of these groups and changing their position on graphene sheets would produce different characteristics of GO [5] . Moreover, by investigating the effects of different functional groups on the WF of GO, the reduction method can be optimized [144] . The combination of different reduction methods [139, 145] and changing the concentration of different functional groups of GO with an appropriate reduction approach (chemical, electrochemical, thermal, etc.) [146] successfully controlled the WF. However, although different functional groups facilitate the application of GO, the impact on electrical, optical, and thermal properties can, in some cases, deteriorate the potential applications of the material. Therefore, reduction of GO (rGO) for changing its functional groups and controlling its electrical and optical properties must be carefully considered [5, 140] .
The presence of different oxygen functional groups on the GO surface resulted in difference of its WF compared to graphene [147] . Among the different reduction methods of GO, thermal reduction was regularly reported as an effective method in changing the functional groups of GO and recovering the π-conjugated structure of graphene sheets along with enhancing the electrical properties of the GO sheets. In such a reduction method, optimization of the annealing temperature is essential [36, 137, 138] . Liu et al. showed that increasing the annealing temperature removed more functional groups from the GO and increased the conductivity of the rGO sheets while decreasing the WF of rGO from ~5.0 eV (pristine GO) to 4.5 eV (annealed at 230 ℃) [138] . The rGO was used as a hole transport layer in bulk heterojunction SCs.
The rGO annealed at 230℃ exhibited better performance as a hole transport layer for bulk heterojunction SCs compared to rGO annealed at 130℃. This was due to fewer oxygen functional groups on GO thermally reduced at higher temperatures and its better conductivity [138] . The thickness of GO was also reported as an effective factor on the rate of oxygen loss during thermal treatment at a temperature higher than 200℃ [139] .
In addition to thermal reduction, chemical reduction of GO via hydrazine is one of the prevalent methods for removing the oxygen functional groups of GO and recovering the π-conjugated structure of graphene sheets. This simple and effective method has been used for lowering the WF of GO from 4.4 eV (GO) to 3.4-3.8 eV (rGO) [148] . The combination of different reduction methods has been also analyzed [139, 145] , with the aim of obtaining better control over oxygen group reduction. Sygellou et al. combined hydrazine reduction and subsequent thermal annealing (up to 250℃) in ultrahigh vacuum to obtain a highly reduced GO with the lowest WF of 4.20 eV for rGO [139] .
Other factors that affect the work function of graphene
This review has presented many methods for controlling the WF of graphene. However, it is not exhaustive, and there are other factors that can modify its electrical characteristics and affect the WF directly or indirectly. One of them is the abovementioned electrostatic gating (see Sec. 3.3) that is an active method for adjusting the WF (Figure 9b ) [53] . The
Fermi level of graphene as 2D material can be controlled by doping, while the Fermi level of regular 3D materials is pinned at the surfaces. For directly lowering its WF, graphene voltage could be biased relative to a gate, resulting in compensating charges. As a result of increasing the population of charge carriers in graphene, the Fermi level shifts from its equilibrium value [53] . Furthermore, electrostatic gating could be combined with other methods to result in ultralow WF materials for electron emission and energy conversion applications [89] .
The in-plane orientation of graphene on a substrate can also affect the WF (Figure 9c,d ) [46] . Since application of graphene in most cases demands a metal contact, the interaction between graphene and the metal, such as electron transport and the type of graphene/metal (111) to SLG. Therefore, control of the electronic characteristic of graphene demands precise control over the relative orientation of the metal and graphene interface [46] . The results of some different WF modulation methods are presented in Table 2 . Reprinted with permission from Ref. [149] , [150] , [151] . 
Summary and outlook
The extraordinary properties of graphene, including strength, flexibility, transparency, electrical and thermal conductivities, and lightness, make it a good candidate for a wide range of applications that include solar cells, supercapacitors, water desalination, medicine, and many others. Remarkably, for electronic and optoelectronic applications, To date, there are important obstacles related to the production and application of conventional metal oxides. The use of graphene could certainly substitute for these materials, but the synthesis of high-quality graphene with a large surface area presents production issues that must be overcome. If these problems could be solved, graphene could be applied (as both anode and cathode) in future flexible optoelectronic devices.
